Background. A predictive marker of bevacizumab activity is an unmet medical need. We evaluated the predictive value of selected circulating prebiomarkers involved in neoangiogenesis and invasion on patient outcome in recurrent high-grade glioma treated with bevacizumab.
Antiangiogenic agents that target the vascular endothelial growth factor (VEGF) pathway have been successfully developed and approved in the vast majority of cancers. As a consequence, an increasing use of antiangiogenic agents has been observed, leading to cost issues and reassessment of their benefit. However, activity on tumor response, and survival benefit of these agents, varies mostly among tumor types and with agents tested. Bevacizumab, a monoclonal antibody against VEGF, was the first antiangiogenic agent that has demonstrated a benefit on progression-free survival (PFS) with or without impact on survival, in patients with advanced and metastatic cancer. 1 Glioblastoma multiforme (GBM) is a devastating disease, characterized by a highly angiogenic and invasive phenotype, suggesting a potential role for antiangiogenic strategies. Preclinical data as well as high levels of intratumoral VEGF expression have supported the evaluation of agents that target the VEGF pathway. 2 Among them, bevacizumab has been recently approved by the FDA for patients with recurrent glioblastoma, based on a high response rate (RR) with prolonged PFS compared with historical controls 3 and is under investigation in the first-line setting. 4 Biomarkers able to predict response to antiangiogenic agents and particularly to bevacizumab are an unmet medical need for patients with cancer. The ideal biomarker should be easy to measure on multiple points upon treatment and standardized in their analysis. 5 Baseline levels and/or variation of numerous intratumoral or circulating candidate prebiomarkers have been explored. However, to date their predictive significance has been generally weak and rarely confirmed among studies or compared with a cytotoxic treated population. In situ prebiomarkers such as VEGF, VEGF receptor (VEGFR) 2, and carbonic anhydrase 9, as well as plasma prebiomarkers such as VEGF, VEGFR1, intercellular adhesion molecule 1, and interleukin (IL)-6 and -8, have been reported to predict bevacizumab benefit, but this predictive value is generally weak and restricted to one end point (response, PFS, or overall survival [OS] ). 6 With other antiangiogenic agents such as cediranib in GBM and vandetanib in non -small-cell lung carcinoma, various prebiomarkers, including VEGF, VEGFR2, placenta growth factor (PlGF), basic fibroblast growth factor (bFGF), and matrix metalloproteinase (MMP) 2, present transition variations that have been related to either progression or survival. 7, 8 Given the remarkable but inconsistent activity of bevacizumab in GBM, we explored the value of selected plasma prebiomarkers to predict response and survival in patients treated with bevacizumab for recurrent high-grade glioma (HGG).
Materials and Methods

Patients
Initial cohort (Cohort 1) Cohort 1 consisted of 26 patients prospectively included at Timone Hospital from July 2007 to January 2010 for the purpose of this study. Eligible patients included those aged 18 years or older with recurrent HGG treated with bevacizumab at least 3 months after the end of radiotherapy to avoid pseudoprogression phenomena. None of the patients had histological confirmation of recurrence, so that the histology reported is the initial documented histology. All patients were treated with the combination of bevacizumab 10 mg/kg and irinotecan 125 mg/m 2 every 2 weeks. Plasma was collected before bevacizumab first dose administration, then at days 15 and 29, and then every month until progression. Only baseline and day 15 samples are reported in the present analysis. Characteristics of the 26 patients included are described in Table 1 . At the time of last follow-up, 24 patients had died of disease. All patients provided written informed consent in accordance with institutional and national guidelines and the Declaration of Helsinki. This protocol was approved by an institutional review board.
Cohort 2
In view of the results observed in our initial cohort, we retrospectively identified in the plasma bank from our center a second cohort of 50 patients treated from August 2007 to March 2010 with bevacizumab and irinotecan for a recurrent HGG for whom plasma was available at baseline only. Treatment regimen, evaluation, and follow-up were similar to those for Cohort 1. Patients included presented similar characteristics, although 40% exhibited a KPS ≤60 (vs 15.4% in Cohort 1) and were more heavily pretreated (Table 1) . At the time of last follow-up, all patients had died of disease.
Cohort 3
Because of the lack of appropriate material in our serum bank, patients of Cohort 3 were recruited from the plasma banks of Avicenne Hospital (Bobigny, France) and Pitié-Salpétrière Hospital (Paris, France). Eligible patients included those aged 18 years or older with recurrent HGG treated with cytotoxic (mainly alkylating) agents or immunotherapy at recurrence, excluding antiangiogenic agents such as bevacizumab at any time during the course of their disease (Table 1) . Plasma was collected before the first administration of treatment. 9 and mostly did not differ from the initial evaluation.
Plasma Marker Assay
Plasma samples were collected before cycle 1 and for Cohort 1 only, 2 weeks after first administration of bevacizumab. Peripheral blood was drawn into a citrated Vacutainer tube, centrifuged within 30 min of collection, and then stored at 2808C (Assistance Publique-Hô pitaux de Marseille Tumor Bank, AR 2008/70, certification iso-9001). Samples were analyzed for levels of VEGF, VEGFR2, PlGF, bFGF, stromal cell derived factor 1a (SDF1a), urokinase plasminogen activator (uPA), plasminogen activator inhibitor 1 (PAI1), and MMP2, MMP7, and MMP9 using commercially available ELISA kits (R&D Systems). The level of adrenomedullin was determined using radioimmunoassay as previously described. 10 Samples were run in duplicate, and the average was recorded. Plasma samples from 16 healthy volunteers were analyzed for the presence of MMPs as an internal control. For kinetic prebiomarker analysis, we considered increase and decrease categories in case of absolute increase or decrease of marker plasma level at day 15 compared with baseline.
Statistical Analysis
Categorical variables were presented as frequencies and percentages, continuous variables as median and range. OS was defined as the time from first bevacizumab administration to death from any cause, censored at the date of last contact. PFS was defined as the time from first bevacizumab administration to documented progression or death, censored at the date of the last documented disease evaluation. The Kaplan-Meier method was used to estimate survival distributions. Log-rank tests were used for univariate comparisons. Cox proportional hazards models were used for multivariate analyses and to estimate hazard ratios in survival regression models. Considering survival associated with responses (Table 1) , responses were dichotomized into those from responders and from nonresponders (stable disease or progression). Subjects were divided into 2 groups based on their baseline biomarker levels using the median value as the cutoff. Within each of the biomarker groupings, a Mann-Whitney U-test was used to compare quantitative values; qualitative values were analyzed by a Fisher exact test and a x 2 test. Correlations were analyzed using the Spearman test. All reported P values are 2-sided, and P , .05 was considered statistically significant. Sensitivity and specificity of MMP2 cutoff in the determination of response was performed using receiver operating characteristic (ROC) curve analysis. Survival status was updated in December 2012. All statistical analyses were performed by PASW Statistics software v17.
Results
Initial Cohort
In the original patient data set (n ¼ 26), median PFS was 4.4 months (95% confidence interval [CI]: 2.1-5.5) with a median OS of 8.7 months (95% CI: 5.3 -11.7). Of 25 patients evaluable for response, 12 (48%) exhibited an objective response, while 13 (52%) were stable or progressive. Median OS values were 13 months for responders (95% CI: 5.8-20.1) and 4.5 months for nonresponders (95% CI: 2.7-6.2) (P , .001; Table 1 ).
Association of prebiomarkers and bevacizumab treatment outcome was first analyzed for baseline levels. In univariate analysis, a strong correlation with objective response was observed for MMP2 and MMP9 levels, PFS, and OS. Among the 12 patients with high MMP2 level (≥227.5 ng/mL, the median value), 10 responses (83.3%) were observed, while in the 13 patients with low MMP2 level, only 2 patients (15.4%) experienced a response (P ¼ .001; Table 2 ). This correlation remains significant if the value of the MMP2 level was considered a continuous variable (P ¼ .005). Inversely, a low MMP9 level (,235 ng/mL, the median value) was associated with higher probability of response (P ¼ .041). However, considering MMP9 as a continuous variable, correlation between MMP9 and response was not confirmed (P ¼ .094). ROC curve analysis was performed in order to evaluate the performance of plasma MMP2 levels in discriminating between responders and nonresponders ( Fig. 1 ). Plasma MMP2 level had a high discrimination value with an area under the curve of 0.827 (95% CI: 0.624-0.947; P ¼ .002). With a cutoff value of 227.5, the sensitivity was 83.3% (95% CI: 50.9 -97.1) and the specificity was 84.6% (95% CI: 53.7 -97.3).
In univariate analysis, MMP2 significantly impacted both PFS (P ¼ .004) and OS (P ¼ .001), as did MMP9 (P ¼ .007 for PFS; P ¼ .015 for OS). Patients with an initial high level of MMP2 had a median PFS of 7.3 months (95% CI: 5.2 -9.4) and a median OS of 12.8 months (95% CI: 10.4 -15.2) compared with a median PFS of 3.0 months (95% CI: 2.5 -3.5) and a median OS of 5.9 months (95% CI: 4.0 -7.8) in case of low MMP2 level (Fig. 1) . Urokinase plasminogen activator and SDF1 were correlated with only OS and PFS, respectively (Table 3 ). Other factors, including age, KPS, histology, and number of previous treatment lines at the time of bevacizumab initiation, had no significant impact on outcome in Cohort 1. In a multivariate Cox regression model that included baseline prebiomarker levels and potential prognostic factors (age, KPS), MMP2 and MMP9 remained significant for PFS (P ¼ .007 for MMP2; Table 2) .
Prebiomarker kinetics after the first bevacizumab administration were characterized by an increase of PlGF levels in all patients tested, while other markers exhibited a heterogeneous variation at day 15 (Table 1) . In univariate analysis, only initial kinetics of VEGF were correlated with outcome, for both PFS (P ¼ .047) and OS (P ¼ .021) (Fig. 1) . In the multivariate Cox regression model Tabouret et al.: Association of MMP2 plasma level and bevacizumab activity that included initial biomarker levels, age, and KPS, VEGF change remained significant for PFS (P ¼ .033) and OS (P ¼ .021) (Table 3) .
Finally, inverse correlations were found between MMP2 and MMP9 baseline plasma levels (P ¼ .004) and between MMP2 and MMP9 initial changes (P ¼ .037).
Cohort 2
Objective RR in this less selected population was 36.7%. Median PFS and OS observed in responding patients were similar to those observed in Cohort 1 (Table 1) .
Based on results from Cohort 1, baseline MMP2 and MMP9 were the only prebiomarkers assessed in that cohort for which only a baseline sample was available. The cutoffs for MMP2 and MMP9 defined in Cohort 1 (227.5 ng/mL and 235 ng/mL, respectively) were applied for subsequent analyses. In that cohort, median MMP2 and MMP9 levels were 185.2 ng/mL and 202.2 ng/mL, respectively. Sixteen patients (32%) exhibited a high MMP2 level and 27 patients (54%) a low MMP9 level ( Table 3 ). The lower number of patients with a high MMP2 level was in accordance with the lower RR of this cohort. MMP2 similarly impacted RR, with 12 objective responses (RR: 80%) observed in the 15 patients with high MMP2 level and 6 objective responses (RR:17.6%) in patients with low MMP2 level ( Table 2) . High plasma MMP2 level was associated with median PFS and OS of 7.1 (95% CI: 5.3-8.9) and 11.8 months (95% CI: 7.6-16.1), respectively, versus 4.2 (95% CI: 2.9-5.5) and 5.9 (95% CI: 5.4-6.4) in cases with low MMP2 level (P ¼ .009 for PFS and P ¼ .009 for OS; Fig. 1 ). MMP2 continued to be significant when analyzed as a continuous variable. In the population restricted to patients with GBM (n ¼ 31), the MMP2 level remained significant for response (P ¼ .004), PFS (6.6 mo vs 3.8 mo for high vs low MMP2, respectively, P ¼ .0104), and OS (11.8 mo vs 5.8 mo for high vs low MMP2, respectively, P ¼ .003). No correlation was observed between MMP9 level and PFS or OS (Supplementary Fig. S1 ).
Cohort 3
At the time of analysis, 4 patients were alive. Median follow-up was 9.4 months (range, 2.1-61.6). Median PFS and OS of Cohort 3 were 1.9 months (95% CI: 1.7-2.3) and 6.1 months (95% CI: 2.6 -9.7), respectively ( Table 1) . Based on our results from Cohort 1 and Cohort 2, baseline MMP2 and MMP9 were the only biomarkers assessed. The cutoffs for MMP2 and MMP9 defined in Cohort 1 were applied for analysis. Median MMP2 level was 178.5 ng/mL, and 11 patients (32.4%) exhibited a high MMP2 level (≥227.5 ng/ mL; Table 3 ). No association was found between the MMP 2 or (Fig. 1 ).
Discussion
In 2 cohorts of patients with recurrent HGG treated with bevacizumab-one prospective, the other retrospective-high MMP2 baseline plasma levels were associated with increased RR, PFS, and OS, consistent in each of the cohorts tested and between the 2 cohorts, with no impact observed in a third cohort treated without bevacizumab. To our knowledge, this study is the first to evaluate MMP2 plasma level as a potential biomarker for bevacizumab.
In regard to the increasing use, heterogeneity of benefit, and cost of antiangiogenic agents, particularly bevacizumab, biomarkers of efficacy that could drive therapeutic decision remain an unmet need in oncology. 5 Hypertension and polymorphism that affect the VEGF pathway have been associated with some predictive value of bevacizumab benefit, although their limitations include lack of standardization and inconsistent effect among tumors. 6 Baseline plasma biomarkers such as VEGF, soluble VEGFR1, PlGF, and SDF1a, as well as circulating endothelial cells, have been reported to be correlated with outcome. However, their predictive value has been inconsistent among studies, and none of them has been associated with response, PFS, and OS, as baseline MMP2 has in our study. With other antiangiogenic agents, VEGF-C, soluble VEGFR3, or change in plasma concentration of VEGF and interleukins has been associated with tumor control but not with survival. 7, 11 Despite the lack of a proper control trial, bevacizumab has been associated with a high RR in patients with recurrent GBM compared with historical controls. 3 Moreover, although response assessment is challenging with the use of antiangiogenic agents, objective responses that were reported with bevacizumab appear to be correlated with a survival benefit. 12 In our study, patient characteristics of the prospective cohort appear more favorable in terms of numbers of previous treatment lines and KPS distribution compared with Cohort 2 and Cohort 3. However, it should be noticed that survival associated with objective response to bevacizumab was similar between Cohorts 1 and 2, which reinforces our results. All patients with grades II and III tumors, as documented at first diagnosis, were treated with bevacizumab after multiple previous chemotherapy lines (from 2 to 6). Only 2 of the 5 grades II -III tumors analyzed presented IDH1 R132H immune positivity. Moreover, these patients with grades II -III tumors were treated at the time they presented an aggressive heterogeneous contrast-enhancing progression on MRI and experienced a survival rate similar to that observed for grade IV patients (data not shown), so that the impact of this histological heterogeneity should be moderate. In addition, MMP2 remains correlated with response, PFS, and survival when analysis was restricted to the subgroup of 31 patients with homogeneous GBM initial histology in Cohort 2. Finally, it should be noticed that neither MMP2 nor MMP9 correlated with patient or tumor characteristics such as age, steroid intake, size of enhancing or nonenhancing tumor, infiltrative pattern, or IDH1 status, thus limiting the potential bias of these results. We acknowledge that most of the patients received irinotecan in addition to bevacizumab, so that the predictive value of MMP2 was formally related to the bevacizumab-irinotecan combination. However, the role of irinotecan is now recognized to be modest, if any, so that our finding should be related mainly to bevacizumab activity.
Potential biomarkers that could predict outcome of patients treated with bevacizumab for a recurrent HGG, analyzed in tumor tissue on the sample of initial diagnosis, included VEGF correlated with response, and hypoxia-inducible carbonic anhydrase 9 and VEGF-A/VEGFR2 ratio associated with survival. 13, 14 Limitation of immunohistochemistry in a heterogeneous tumor tissue, as well as potential discrepancy of biology between initial and recurrent tumor, may explain the inconsistency of these results. In regard to restricted access to tumor tissue, a circulating marker is highly desirable to monitor therapy in patients with brain tumor. Among a large panel of plasma biomarkers, including MMP2, evaluated in patients with recurrent GBM treated with cediranib, a pan-VEGFR inhibitor, none of them evaluated at baseline correlated with outcome. 8 Whether this lack of impact is related to the differences in the activity or the mechanism of action between these 2 agents is unknown.
Considering markers' early kinetics (from baseline to day 15), we observed that a decrease in VEGF plasma level after the first bevacizumab dose appeared to be correlated with both PFS and OS. Assessment of circulating VEGF is impaired by VEGF bound to bevacizumab and VEGF released from activated platelets in patients with cancer. 15 An increase in circulating VEGF after the start of bevacizumab has been generally observed, in contrast to a fall in concentration of circulating free VEGF, both with uncertain predictive value. 6 Detailed analysis of total and free circulating VEGF should be further explored in GBM patients treated with bevacizumab. Consistent with previous studies, an increase in PlGF was observed in all patients analyzed, while changes in other potential biomarkers tested were heterogeneous. However, none of these changes appears to influence outcome as observed in most studies with bevacizumab.
MMP2 belongs to the matrix metalloproteinase family, whose activity has been implicated in proteolysis of extracellular matrix, regulation of cell adhesion and migration, processing of growth factors and cytokines, and liberation of angiogenic factors. 16 Expression of MMP, particularly MMP2 and MMP9, in plasma, urine, or tumor tissue has been considered a potential biomarker that could reflect diagnosis, dissemination, prognosis, and effect of therapy in various cancers. Expression and/or activity of MMP2 and MMP9 in urine, CSF, or plasma appears to be correlated with tissue expression in bladder cancer and brain tumors. 17, 18 High expressions of MMP2 and MMP9 have been associated with tumor aggressiveness and poor prognosis in various cancers, although in glioma this impact is unclear. 19 -21 Unexpectedly, a high baseline level of MMP2 appears to be potentially predictive of bevacizumab benefit. In patients with HGG, treatment with bevacizumab has been associated with an initial decrease of urine MMP2 activity, followed by an upregulation at the time of progression in urine or tumor tissue, 22, 23 lending credence to consideration of MMP2 as a potential actor of infiltrative escape from bevacizumab. However, baseline MMP2 was not considered in these cases, and since numerous other genes are upregulated after bevacizumab treatment, other candidates could be involved in the invasive phenotype associated with progression under bevacizumab. 24 Furthermore, a possible discrepancy between MMP activity and expression could account for this Tabouret et al.: Association of MMP2 plasma level and bevacizumab activity finding. MMP2 has been involved in angiogenesis and associated with pericyte recruitment and vascular maturation and functionality via multiple effectors. 25, 26 Interestingly, in an orthotopic mouse model of GBM completely devoid of MMP2 activity, tumor vascularity appeared to be increased but less functional with reduction of VEGFR2 expression in tumor vessels and a decrease in pericyte coverage and activation. Another study also recently reported that tumors depleted of MMP2 exhibit fewer macrophages and more destabilized vasculature, which supports the view that MMP2 could slow vessel destabilization and glioma growth. 26 Among other hypotheses, it can be suggested that a high level of MMP2 is associated with an increase of bevacizumab uptake in tumor tissue and/or is required for bevacizumab activity on tumor vasculature, possibly via VEGFR2 activation.
In this study, we identify MMP2 as an attractive candidate to predict bevacizumab benefit in patients with HGG. Further studies are needed to validate this finding and to test it in other cancer patient' populations treated with bevacizumab or other antiangiogenic agents. 27 The unexpected positive impact of a high circulating MMP2 level on bevacizumab-treated patient outcomes requires reassessing the biological role of MMP2 and its interaction with the VEGF pathway.
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